Recently, a new candidate has emerged: resistance random access memory (ReRAM). It is based on new materials, such as metal oxides 1,2 and organic compounds [3] [4] [5] , which show a resistive switching phenomenon. The ReRAM memory cell has a capacitor-like structure composed of insulating or semiconducting materials sandwiched between two metal electrodes (Fig. 1) . Because of its simple structure,
Rapid advances in information technology rely on high-speed and large-capacity nonvolatile memories. A number of alternatives to contemporary Flash memory have been extensively studied to obtain a more powerful and functional nonvolatile memory. We review the current status of one of the alternatives, resistance random access memory (ReRAM), which uses a resistive switching phenomenon found in transition metal oxides. A ReRAM memory cell is a capacitor-like structure composed of insulating or semiconducting transition metal oxides that exhibits reversible resistive switching on applying voltage pulses. Recent advances in the understanding of the driving mechanism are described in light of experimental results involving memory cells composed of perovskite manganites and titanates.
highly scalable cross-point and multilevel stacking memory structures have been proposed 6 . In the resistive switching phenomenon, a large change in resistance (>1000%) occurs on applying pulsed voltages ( Fig. 1) , and the resistance of the cell can be set to a desired values by applying the appropriate voltage pulse 1 . A recent study has shown that the switching speed can be faster than several nanoseconds 7 .
Among the materials that exhibit a resistive switching phenomenon, oxide materials have been studied intensively. In 1962, Hickmott 8 first reported hysteretic current-voltage (I-V) characteristics in metalinsulator-metal (MIM) structures of Al/Al 2 O 3 /Al, indicating that resistive switching occurs as a result of applied electric fields. Resistive switching has subsequently been reported in a wide variety of MIM structures composed of binary metal oxides, such as SiO 9 and NiO 10 .
Some models for the driving mechanism of resistive switching have been proposed, e.g. the charge trap model 9 and conductive filament model 10 . These studies on binary metal oxides were mainly conducted in the 1960s and 1980s and have been reviewed previously [11] [12] [13] Because a design guide for ReRAM based on a driving mechanism has not been produced, its development is less advanced than other candidates for next-generation nonvolatile memories, such as FeRAM, MRAM, and PRAM. Therefore, elucidation of a driving mechanism is currently a very important issue in the development of ReRAM.
Detailed experimental and theoretical 44-47 studies on the resistive switching phenomenon have been carried out to determine the driving mechanism, and some possible models have been proposed. The models can be grouped into categories depending on the switching behavior and conducting path.
Classification of resistive switching behavior
The resistive switching phenomenon has been observed in a wide variety of transition metal oxides, such as PCMO 15 
is called the 'forming process'. After the forming process, the cell in a LRS is switched to a high-resistance state (HRS) by applying a threshold voltage ('reset process'). Switching from a HRS to a LRS ('set process') is achieved by applying a threshold voltage that is larger than the reset voltage. In the set process, the current is limited by the current compliance of the control system or, more practically, by adding a series resistor. This type of switching behavior has been observed in many highly insulating oxides, such as binary metal oxides 2 .
Bipolar resistive switching shows directional resistive switching depending on the polarity of the applied voltage (Fig. 2b) . This type of resistive switching behavior occurs with many semiconducting oxides, such as complex perovskite oxides 16, [21] [22] [23] , and will be discussed in detail in this review.
Classification of resistive switching mechanisms
In addition to classification in terms of switching behavior, the type of conducting path is also used to categorize the resistive switching.
One class shows a filamentary conducting path, in which the resistive switching originates from the formation and rupture of conductive filaments in an insulating matrix (Fig. 2c) . This can be associated with both unipolar and bipolar switching behavior. (2) process, and filament formation during the set process (3). Thermal redox and/or anodization near the interface between the metal electrode and the oxide is widely considered to be the mechanism behind the formation and rupture of the filaments 32, 33 . In contrast, in bipolar-type switching, electrochemical migration of oxygen ions is regarded as the driving mechanism 26 .
Clear visualization of the conducting filaments in insulating oxides has not been achieved. Recent studies involving highresolution transmission electron microscopy and electron energy loss spectroscopy of NiO memory cells suggest that the filamentary conducting paths form in the grain boundaries 35 . Fujiwara et al. 36 have investigated filaments in planar cells and reported the formation 
of a filament-like structure in a polycrystalline CuO film between Pt electrodes during the forming process (Fig. 4) , after which the cell switches into a LRS. They have also shown that the cell resistance returns almost to the original value when a part of the filament-like structure is cut with a focused ion beam, indicating that the filamentlike structure is the conducting path in the cell 36 .
The other type of conducting path is an interface-type path, in which the resistive switching takes place at the interface between the metal electrode and the oxide (Fig. 2d) . Using multilead resistance measurements on perovskite oxide cells, Baikalov et al. 18 have recently shown that the contact resistance between the metal electrode and the perovskite oxide changes upon the application of an electric field. This switching mechanism is usually related to the bipolar-type resistive switching behavior observed in semiconducting perovskite oxides. A number of models have been proposed for the driving mechanism in resistive switching involving an interface-type conducting path, such as electrochemical migration of oxygen vacancies 18, 19, 25, 37, 38, 47 , trapping of charge carriers (hole or electron) [21] [22] [23] , and a Mott transition induced by carriers doped at the interface [43] [44] [45] [46] .
The difference between the filament and interface types of resistive switching can be understood by considering the area dependence of the cell resistance. As seen in Fig. 5 , a cell composed of semiconducting Nb-doped SrTiO 3 has a resistance that is inversely proportional to the cell area, whereas that of an insulating NiO cell is much less dependent on cell area 27 . These results indicate that resistive switching in the Nb-doped SrTiO 3 cell takes place over the whole area of the cell, i.e. the entire interface, whereas switching occurs locally in the NiO cell through the formation of filamentary conducting paths.
The details of filament-type resistive switching have recently been reviewed by Waser and Aono 48 . Therefore, we now focus on interface-type resistive switching and describe recent advances in our understanding of the mechanism obtained from research on metal/ transition metal oxide junctions. 
Origin of contact resistance
In order to elucidate the mechanism for interface resistive switching, it is first necessary to clarify the origin of the contact resistance, are p-and n-type semiconductors that form the basic elements for resistive switching 21, 22 . M is the top electrode of Ti, Au, or SRO, with 
Alteration of the potential profile in the depletion layer
The data in Fig. 6 suggest that the contact resistance originates in the and S is the cell area.
As seen in Fig. 7 , the C-V curve for the Ti/PCMO interface shows hysteretic behavior, and C is larger in the LRS than in the HRS 39 . This suggests that W d is narrower in the LRS than in the HRS (Fig. 7) . Thus, electrons possibly pass through the thin Schottky-like barrier via a tunneling process in the LRS, whereas the thick barrier in the HRS prevents tunneling. Electrochemical migration of oxygen vacancies in the vicinity of the interface is considered to be the driving mechanism for the change in W d (Fig. 7) , and the details are discussed later.
The active region for resistive switching
In the case of interface resistive switching, we can expect the switching characteristics to depend on the electronic properties in the vicinity of the interface. In fact, recent studies have demonstrated that modifying the electronic properties at the interface causes a change in the switching characteristics 40, 41 . 
ReRAM devices
One of the significant advantages of ReRAM is the potential for high-density memorys. The multilevel programming and cross-point memory structure, in which the memory cells have an area of about 
Summary
A deep understanding of the driving mechanism for resistive switching is required in order to optimize ReRAM device characteristics and develop guidelines for scaling, reliability, and reproducibility. Recent studies indicate that a thermal or electrochemical redox reaction in the vicinity of the interface between the oxide and the metal electrode is a plausible mechanism for resistive switching. However, further research from chemical, electronic, and crystallographic viewpoints is needed to elucidate definitively a 'microscopic' mechanism, because the chemical, electronic, and crystallographic properties of the oxides, as well as the metal electrodes, affect the mechanism. We believe that, by taking into account the differences in each type of resistive switching, tailoring materials to specific applications will become a major area in the future development of ReRAM.
